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2) high stability of frequency, and 3) low component sensitivity. Moreover the techniques used to design such filters have become highly sophisticated [I] . However, these LC networks tend to become incompatible with the present-day trends in electronics as microminiaturization, integration and concentration. This holds especially for the coils, which are rather bulky and have a too low quality factor. To what extent do piezoelectric devices replace the classic LC networks ? LC networks for bandpass filters can generally be subdivided into elementary sections (tuned circuits) each of which is characterized by a resonance frequency Instead of implementing the sections by discrete L and C components, mechanical resonance [2] can be applied as replacement. Because we deal with an electrical filter, electromechanical transducers must be added to convert the electrical signal into a mechanical one and vice versa (Fig. lb) . In this respect piezoelectric materials are attractive since they combine within the same device the mechanical resonance and the mechanism of energy conversion. Since one aimes here for materials with high coupling factors, the ferroelectric materials are most suitable. Often polycrystalline ferroelectric ceramics like the lead-zirconatetitanates are used. They have the advantage that the direction and magnitude of the effective polarisation can be chosen at will so that specific vibrational modes can be excited and the coupling factor can be varied. Some types of resonators will be indicated but their El O-11 0-incorporation into filters will be left outside the scope of this paper. In LC networks the elementary sections are coupled through discrete inductors or capacitors. Using piezoelectric resonators the coupling is also generallg performed by capacitors [3], [4] (Fig. lc) but also here replacement by some mechanical means is an alternative. In the low frequency range (< 2 MHz) only a few examples of mechanical coupling have been reported [5] .
In the high-frequency range (> 2 MHz) a significant breakthrough has been reached in the (( monolithic lumped LC networks. Some major advantages of such filter >> [6] , [7] , [8] , [9] , [lo] , [ll] . Here the transducers, the resonance sections and the coupling sections are all combined into one device (Fig. Id) . It consists of an array of electroded and non-electroded regions on one piezoelectric wafer. The acoustical energy is mainly confined to the areas under the electrodes, areas representing the resonating sections. Only a small portion of the acoustical energy leaks through the nonelectroded areas into the adjacent electroded parts, performing the mechanical coupling between the resonant regions. Here explicit use is made of selective trapping of acoustical energy. This phenomenon is analogous to internal reflection in optics and will be discussed in detail. Full integration is also obtained in surface-wave filters [12] . Surface waves can be excited in piezoelectric materials by means of an interdigital array of electrodes. The filters are no longer derivatives of coupled resonance circuits. Instead, the insertion loss of the transmitter and receiver have bandpass caracteristics. The shape of the filter is determined by the layout of the interdigital array of electrodes specifically the number of fingers, their length and their width ; their average pitch determines the midband frequency. These devices are most suitable for broadband filtering in which relatively high bandpass losses can be accepted. This application will not be discussed here ; the reader is referred to recent review papers [13] .
11. Discrete resonators. -Several types of discrete resonators are used in electrical filters. According to the mode of vibration one distinguishes : 1) flexural [14] modes (5-50 kHz) ; 2) radial [15] , [16] and extensional [I41 types (100-800 kHz) and 3) thickness modes [17] (> 2 MHz). In the first and second group, one pronounced resonance is observed determined by the largest dimension of the resonating body. For the thickness modes, however, a series of resonances is observed, the so-called inharmonics. Because the fundamental mode is measurated on the smallest dimension of the resonating body, the thickness, this mode is mixed with modes corresponding to the other directions ; they all by very close to the fundamental one [IS] . The appearance of such a series of inharmonic resonances is basic for thickness mode vibrators and is the crucial problem to be discussed in our paper. It is illustrated in figure 2a showing the frequency response curve of a (( radial N thickness shear resonator. This vibrator which to the author's knowledge has not been reported before, is explained in figure 2b. The particle motion is approximately radial and in opposite directions on upper and lower surface. The resonator has a node in the centre as is clear from symmetry considerations. Excitation occurs by applying an alternating electric field in the thickness direction of a radially polarized disk (Fig. 2b) . For a disk of radius R and thickness d, of which the mechanical boundary conditions are only satisfied on upper and lower face and of which the piezoelectric effect is assumed to be This is obtained by introducing selective trapping of acoustical energy [6] , [7] . Below a critical frequency f,, the wave energy is trapped in localized areas eventually leading to resonance, whereas for f > f, all energy leaks away. In addition f, is chosen such that [19] so that only the lowest thickness mode is trapped and all higher inharmonics disappear. This acoustical phenomenon will be discussed below using the concept of total reflection, which is familiar in optics. between a dense and a rare medium from the dense side at an angle exceeding a critical one. Using the notation of figure 3a, the condition is :
The critical angle cp, is related to the difference in wave velocity in the two media, c, and c2, respectively We may point out that in case of total reflection the wave fronts in the rare medium are always perpendicular to the interface, whereas in the dense area they are oriented at an angle (90° -cp).
Consider now a wafer of thickness d with a dense area of width D surrounded by a semi-infinite rare region with interfaces at A and B (Fig. 4) . A wave propagating in the dense area will be confined into this region if it strikes the interfaces A and B at angles q < q,. If, on the other hand, the beam strikes the interfaces at angles cp > cp,, part of the energy will be transmitted into the adjacent area at each subsequent reflection and eventually all energy will have been leaked away (Fig. 4b) .
In acoustics the optical beam considered finds its correspondance in the thickness shear waves [17] , [18] . In a piezoelectric wafer polarized in the plane of the wafer, these waves can be excited by applying the driving electric field in the thickness direction [7] ; the particle motion is in the direction of polarisation. One can make the inner area A-B of our wafer in figure 4 to behave as being acoustically denser in three different ways. part. In this case the wave fronts in the thinner part will be parallel to the surfaces of the wafer. Therefore the wave propagation can be described just as well by considering two media of different wave velocity, namely c, and c, = c,(d2/dl), respectively. With (4) it follows that q, = (2 Ad/d)%. In practice the extra thickness of the electrodes, corrected for density with respect to the wafer material, suffices giving cp, -lo-'.
The acoustical energy is thus confined to the electroded areas [19] and the virtual boundary between the electroded and non-electroded area behaves as reflecting interface (Fig. 4d) . where K is the effective piezoelectric coupling factor.
For K 4 1, it follows that (A, -Al)/A, -(4/n2) rc2.
The plate thus behaves as a non-piezoelectric, nonelectroded wafer of thicknesses dl = 3 1, and 3. GEOMETRICAL LOADING.
-Consider a wafer of width D and average thickness d of which upper and lower surface make a small angle y (Fig. 4c) . At the interfaces A and B the wafer is bound by a medium of lower velocity. A travelling wave starting at interface A at an angle cp will strike the interface B after 1 reflections, but then at an angle cp' = cp -ly. Although the wave may have started as non-trapped (cp > cp,), it may reach the interface B at an angle cp' < cp, and thus be totally reflected. This is called geometrical trapping. Non-parallelism thus leads to trapping at the narrow side of the wedge and detrapping at the open end. For cp' = 0 the wave is reversed and trapping occurs without apparent difference in density. The corresponding critical angle cp, is given by : cp, = ((Dld) y)% whereby use is made of the geometrical relation (Fig. 4) : 1 = D/(dcp). Here it is assumed that I is very large and that y is small so that d can be considered to be the average thickness. Geometrical trapping is used in oscillator quartz crystals ; they are deliberately polished lenticular. Besides trapping we are also interested in the conditon for resonance in such circumstances. As an optical analogon we use here a multiple beam interferometer with conductive surfaces (Fig. 4a) The translation into acoustical resonance is simple. For a wafer of constant thickness d and eigenfrequencies f1 and f, in inner and outer region, one finds :
Similarly one can find that the resonance frequency f of the total wafer and its relative difference A to f, is simply determined by the resonance value of cp as given by (6) 
A combination of the eq. (8) and (7) gives the translation of figure 5 into frequencies for the acoustical case. The subsequent interferences are analogous with our series of inharmonics in thickness mode vibrators. It follows also that f, is the cut-off frequencyf, introduced in chapter 11, since for cp + cp, one finds that f + f,. To satisfy the condition that only one mode is trapped it can be seen from figure 5 that one requires : p < 2 (*), bandshape of a filter is approximately determined by the coupling factor k between resonating sections [23] . k can be calculated readily from our optical model. At total reflection, namely, a surface wave of amplitude u(z) penetrates into the rare medium. From elementary text-books on optics [22] it can be found that for an infinite rare medium :
In our monolithic filter, surface waves can be found fore the effective coupling factor k,, is :
Expressions similar to those of eq.
(1 1) have been given by several authors [8] , [9] for quartz, but not for ceramics and moreover these are partly empirical.
With eq. (6) and (1 l), the bandfilter is completely determined whereby the thickness of the wafer d specifies the midband frequency. The concept of two adjacent electroded areas can be extended at will, corresponding to an increasing number of coupled resonating sections [l 11 , [24] , [25] ; such devices on quartz are introduced recently in telephone equipment [24] , using eight sections.
